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Abstract: Fluctuations in Holocene atmospheric radiocarbon concentrations have been shown to be due to
variations in solar activity. Analyses of both
1 0Be and
1 4C nuclides con￿ rm that production-ratechanges during
the Holocene were largely modulated by solar activity. Analyses of peat samples from two intact European
ombrotrophic bogs show that climatic deteriorations during the ‘Little Ice Age’ are associated with transitions
to increasing atmospheric
1 4C content due to greater
1 4C production. Both ombrotrophic mires, which are
positioned c. 800 km apart, register reactions to globally recorded
1 4C ￿ uctuations between ad 1449 and 1464
and an almost identical reaction between ad 1601 and 1604.
Key words: Solar forcing, D
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Introduction
The value of atmospheric radiocarbon content as a solar varia-
bility proxy has been con￿rmed through analyses of both
14C and
10Be (Stuiver and Braziunas, 1989; Bard et al., 1997; Beer et al.,
1988; Beer, 2000). The central Greenland GISP2 ice core back-
ground dust concentration also appears to be modulated with a
period of 11 years from at least 100000 years BP (Ram et al.,
1997). This period coincides with the 11-year Schwabe sunspot
cycle (Cohen and Lintz, 1974). Evidence for solar forcing of cli-
mate has been detected in European peat bogs at c. 850 cal. bc
(van Geel et al., 1999), using wiggle-match dating (van Geel and
Mook, 1989; van der Plicht, 1993; Kilian et al., 2000; Speranza
et al., 2000) to precisely establish the timing and relation of wet-
shifts to changesin the productionof 14C. The direct link between
mire hydroclimatic changes and changes in the production of
atmospheric
14C (solar activity) has not yet, however, been
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detected during the ‘Little Ice Age’ series of climatic deterio-
rations.
Ombrotrophic mires are closely coupled to the atmosphere,
since they receive all their water through precipitation alone. In
addition, plants growing on these mires are sensitive to changes
in effective precipitation (the balance of precipitation remaining
after evapotranspiration processes). Rainfed peat bogs are there-
fore excellent ecosystems to investigate potential sun/climate
links, since exceptional preservation of subfossil material upon
burial, combined with high accumulation rates (a mean value of
1 mm yr2 1) and relative ease of radiocarbon dating, allows high-
resolution reconstructions of Holocene palaeoenvironmentsto be
made using these records (Aaby, 1976; van Geel, 1978; Barber,
1981; Barber et al., 1994; Kilian et al., 1995; van Geel et al.,
1996; Mauquoy and Barber, 1999; Hughes et al., 2000).
Materials and methods
In order to investigate the timing and nature of climate change
during the ‘Little Ice Age’ (LIA), peat monoliths of 1 m depth
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were taken from Lille Vildmose (LVM), Denmark (56°509 N,
10°159 E; Figure 1) and Walton Moss (WLM19), UK (54°599 N,
02°469 W). These ombrotrophic mires are positioned c. 800 km
apart, and offer the possibility of detecting supraregionalchanges
in climate. Both of these rainfed peat bogs are remarkably intact
and possess abundant Sphagnum magellanicum, principally in
lawn microforms, while Sphagnum capillifolium and Sphagnum
tenellum/cuspidatum are encountered in hummocks and low
lawns/pools respectively. Increases in mire surface wetness were
detected by increased representation of Sphagnum tenellum, and
Sphagnum cuspidatum leaves (Figures 2b and 3b). Increases in
the representation of these subfossil bryophyte components
unequivocally illustrate high local water tables (Barber, 1981),
which in raised peat bogs indicates increased effective precipi-
tation (cool, moist climatic conditions).
A single 92 cm monolithof peat was taken from Lille Vildmose
(LVM) using a Wardenaar corer (Wardenaar, 1987). The top 25
cm of this monolith was compressed by the Wardenaar corer;
therefore a small pit was dug immediately adjacent to the War-
denaar borehole, and a replicate core taken with a metal box (50
Figure1 Study sites in northern England (above) and Denmark (below).
´ 15 ´ 10 cm). Samples from the box sample were taken from
0–25 cm depth, then from 25–92 cm samples from the Wardenaar
monolith were used. The Wardenaar borehole taken from Walton
Moss (WLM19) was positioned 7.3 m northwest from Walton
Moss Core 11 (see Figure 2 in Barber et al., 1998). WLM19 did
not suffer from any visible compression, therefore the complete
monolith was investigated. Vegetative macrofossils taken at con-
tiguous 1 cm sample intervals in each monolith were examined
using light microscopy.Abundancesof eachpeat componentwere
expressed as volume percentages of the subsample (c. 5 cm3).
A closelyspaced series of 14C AMS datedsamples immediately
preceding and following each of the identi￿ ed wet-shifts was
closely matched to century-scale￿ uctuations (wiggles) in the 14C
tree-ring calibration curve (INTCAL98 calibration data set;
Stuiveret al., 1998)usingCAL25 (van der Plicht,1993). By using
this wiggle-match dating strategy (van Geel and Mook, 1989), the
precise timing and relation of wet-shifts to changes in the pro-
duction of
14C was determined. During the Holocene, production
of 14C is mainly dependent upon incident cosmic rays (Figures
2a and 3a), while the intensity of cosmic rays is anticorrelated
with solar activity (Beer et al., 1990; Leftus, 2000). Changes in
deep-water formation (reduced CO2 exchange at the air/sea inter-
face and/or reduced upwelling of 14C de￿ cient deep ocean water)
appear to be an unlikely candidate for the marked changes in
14C
production during the ‘Little Ice Age’ (Stuiver and Braziunas,
1993). In addition, there is no indication from experimental data
that Holocene
14C wiggles are due to changes in the geomagnetic
￿ eld intensity (Ju ¨rg Beer, personal communication).
Results
The calendar and
14C ages of the samples dated from LVM and
WLM19 are presented in Tables 1 and 2. In LVM (Figure 2b),
the wiggle-match ￿ t of the 19 14C AMS dates to the tree-ring
calibrationcurveis excellent,with the exceptionof a single outlier
(date 16). The two wet-shifts identi￿ ed in this peat bog using
leaf abundancesof Sphagnumtenellum and Sphagnumcuspidatum
were initiated at c. ad 1449 (date 14) and ad 1604 (date 11). The
wiggle-match dating results for WLM19 (Figure 3b) again show
an outlier (date 20), but, with the exception of this date, the 30
dated levels closely follow the wiggles in the calibration curve.
The ￿ rst climatic deterioration registered at date 23 suggests that
the inception of Sphagnum tenellum and Sphagnum section Cus-
pidata occurred at c. ad 1215. The start of the second and third
wet-shifts identi￿ ed (dates 13, ad 1464, and 8, ad 1601) again
occur during periods of rapid increases in D 14C (at a transition
point between low and high D 14C).
Discussion
The ￿ rst climatic deterioration in LVM at c. ad 1449 occurred
during a period of rapid increase in D 14C (Figure 2a), while the
second one at c. ad 1604 was initiated at a transition point
between low and high D 14C. Both of these wet-shifts occurred
when production of 14C increased rapidly at the beginning of the
Spo ¨rer (S) and Maunder (M) Minima respectively. During these
periods of reduced solar activity cosmic rays were less effectively
de￿ected by the solar wind, allowing more 14C production in the
atmosphere. The deepest part of the LVM peat stratigraphy post-
dates the beginning of the Wolf (W) Minimum, so it was not
possible to explore the peat proxy climate/D 14C relation before
c. ad 1340. Increased mire surface wetness did not occur during
the Dalton Minimum.
The wet-shifts identi￿ ed in WLM19 (c. ad 1215, 1464 and
1601) appear to have occurred during the Wolf, Spo ¨rer and
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Figure2 (a) Detrended D
1 4C presented with 1 s error bars versus calendar age. W = Wolf, S = Spo ¨rer, M = Maunder and D = Dalton Minimum (periods
of reduced solar activity). Black arrows on the D
1 4C curve indicate the initiation of climatic deteriorationsas recorded by Sphagnumtenellum and Sphagnum
cuspidatum. (b) Radiocarbon versus calendar ages of Sphagnum samples wiggle-match dated from Lille Vildmose (LVM). Both the
1 4C dates and the
INTCAL98 calibration curve (Stuiver et al., 1998) are presented with 1 s error bars. Two subgroups of the
1 4C dated samples were independently wiggle-
matched to the tree-ring calibration curve (van Geel and Mook, 1989; van der Plicht, 1993) on the basis of pronounced changes in peat bulk density (dry
mass cm
2 3). These changes re￿ect variations in peat accumulation rate. Abundances of Sphagnum tenellum (light shading) and Sphagnum cuspidatum
(dark shading) are superimposed and register increases in mire surface wetness (cool, moist climatic conditions). Volume abundances of these vegetative
macrofossils are expressed as percentages in the c. 5 cm
3 samples investigated.
Maunder Minima respectively (Figure 3a). WLM19 mirrors the
climatic response of LVM, since increased mire surface wetness
did not occur during the Dalton Minimum. The ￿ ve wet-shifts
identi￿ ed in the peat stratigraphy of LVM and WLM19 are all
correlated with steep increases in D 14C, which are highly likely
to havebeen driven by increased
14C production,i.e., solar forcing
changes.The identi￿ cation of the Spo ¨rer and Maunder Minima in
both LVM (c. ad 1449 and 1604)and the Wolf, Spo ¨rer and Maun-
der Minima in WLM19 (ca. ad 1215, 1464 and 1601
respectively),suggests that these climatic deteriorationshad wide-
spread effects, since these two mires are positioned c. 800 km
apart. These time intervals correspond to periods of peak cooling
in 1000-year Northern Hemisphere climate records (Crowley and
Lowery, 2000). Further evidence for the widespread registration
of the ‘Little Ice Age’ is presented in the Greenland GISP2 ice
core by O’Brien et al. (1995) based on sea salt and terrestrial dust
￿ uxes. The diatom-based record of Korhola et al. (2000) for
northern Fennoscandia also suggests that regional changes in cli-
mate occurred during the ‘Little Ice Age’ (400 cal. BP). The sud-
den increase in D 14C during the Dalton Minimum is smaller
(8.8‰) than the Wolf, Spo ¨rer and Maunder Minima, which were
major increases in D 14C (around 20‰). Solar activity changes
during the Dalton Minimum may therefore not have been as sev-
ere as the antecedent‘Little Ice Age’ changes,which may explain
the failure of the peat stratigraphyto record climatic changes dur-
ing this time.
The direct link identi￿ ed here between changes in
14C pro-
duction and the occurrence of regional climate change signals in
ombrotrophicpeatbogs duringthe LIA, suggeststhat solar forcing
during this period may well have been an importantdriving factor
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Figure3 (a) Detrended D
1 4C presented with 1 s error bars versus calendar age. W = Wolf, S = Spo ¨rer, M = Maunder and D = Dalton Minimum (periods
of reduced solar activity). Black arrows on the D
1 4C curve indicate the initiation of climatic deteriorationsas recorded by Sphagnumtenellum and Sphagnum
cuspidatum. (b) Radiocarbon versus calendar ages of Sphagnum samples wiggle-match dated from Walton Moss 19 (WLM19). Both the
1 4C dates and
the INTCAL98 calibration curve (Stuiver et al., 1998) are presented with 1 s error bars. Three subgroups of the
1 4C dated samples were independently
wiggle-matched to the tree-ring calibration curve (van Geel and Mook, 1989; van der Plicht, 1993) on the basis of pronounced changes in peat bulk
density (dry mass cm
2 3), since these subgroups are likely to have accumulated at different rates. Abundances of Sphagnum tenellum (light shading) and
Sphagnumcuspidatum(dark shading)are superimposed and register increases in mire surface wetness (cool, moist climatic conditions).Volume abundances
of these vegetative macrofossils are expressed as percentages in the c. 5 cm
3 samples investigated.
for much of the suggested naturalpreindustrialtemperaturevaria-
bility in the Northern Hemisphere (Lean et al., 1995). Solar
activity is estimated to have varied by 0.24% from the Maunder
Minimum to the present time (Lean and Rind, 1998). Given these
possiblesmall changesin solar radiativeoutput,amplifyingmech-
anisms may operate to effect climate forcing. The precise nature
of these amplifying mechanisms is uncertain, however (van Geel
et al., 1998; 1999). Nevertheless,this increasingbody of evidence
for a link between changes in
14C production and the occurrence
of climate change signals in ombrotrophic peat bogs suggests that
variationsin solar activitymay well have been an importantfactor
driving Holocene climate change.
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Table 1 Radiocarbon and wiggle-match date results for Lille Vildmose. The dates were calibrated using the INTCAL98 calibration curve (Stuiver et al.,
1998) within the Groningen program Cal25 (van der Plicht, 1993)
Date GrA-number d
1 3C (‰) Carbon
1 4C age Laboratory Mid-point Wiggle-match Sample composition
(no.) content (%) (BP) standard sample depth date (S. = Sphagnum)
deviation (BP) (cm)
1 16578 2 27.49 43.2 170 30 29.5 ad 1808 S. capillifolium
leaves+branches+stems
2 16582 2 26.52 38.1 165 30 37.5 ad 1765 S. capillifolium
leaves+branches+stems
3 14110 2 25.74 41.9 120 35 46.5 ad 1717 S. capillifolium
leaves+branches+stems
4 16583 2 27.98 44.1 245 30 56.5 ad 1663 S. capillifolium
leaves+branches+stems
5 16586 2 27.55 44.1 275 30 58.5 ad 1652 S. capillifolium
leaves+branches+stems
6 16587 2 25.36 43.9 310 30 61.5 ad 1636 Sphagnum tenellum leaves
7 16588 2 24.3 43.4 330 30 63.5 ad 1625 Sphagnum tenellum+S.
cuspidatum leaves+stems
8 12743 2 25.8 43.8 330 70 64.5 ad 1620 S. capillifolium
branches+stems+opercula
9 16589 2 25.73 45.2 335 30 65.5 ad 1614 S. capillifolium
branches+stems+opercula
10 12755 2 26.58 43.5 350 70 66.5 ad 1609 S. capillifolium branches
11 16591 2 26.89 44.8 340 30 67.5 ad 1604 S. capillifolium branches
12 16592 2 24.97 44 305 30 70.5 ad 1588 S. capillifolium branches
13 16593 2 25.82 44.6 290 30 72.5 ad 1577 S. capillifolium+S. tenellum
14 16623 2 24.85 43.5 405 35 75.5 ad 1449 leaves
15 16599 2 24.44 43.6 410 30 76.5 ad 1442 Dicranum leaves+Sphagnum
16 16625 2 26.35 43.1 700 35 78.5 ad 1428 stems
17 16597 2 27.24 44.2 570 30 81.5 ad 1408 Dicranum leaves
18 16627 2 26.22 44.7 635 35 85.5 ad 1380 S. capillifolium leaves
19 14111 2 27.21 40 550 40 91.5 ad 1340 S. capillifolium stems
S. capillifolium
leaves+branches
S. capillifolium
leaves+branches
Table 2 Radiocarbon and wiggle-match date results for Walton Moss Core 19. The dates were calibrated using the INTCAL98 calibration curve (Stuiver
et al., 1998) within the Groningen program Cal25 (van der Plicht, 1993)
Date GrA-number d
1 3C (‰) Carbon
1 4C age (BP) Laboratory Mid-point Wiggle-match Sample composition
(no.) content (%) standard sample depth date (S. = Sphagnum)
deviation (BP) (cm)
1 16470 2 24.09 52.6 130 50 35.5 ad 1815 S. magellanicum stems
2 16627 2 23.99 43.1 225 30 37.5 ad 1776 Sphagnum stems
3 17511 2 21.35 43.2 205 40 39.5 ad 1737 Sphagnum stems
4 17513 2 20.54 43.5 215 40 41.5 ad 1699 Sphagnum stems
5 16598 2 21.38 45.5 290 30 43.5 ad 1660 S. sect. Cuspidata leaves
6 16471 2 20.74 46.3 240 50 44.5 ad 1640 S. sect. Cuspidata leaves
7 16596 2 21.02 46 310 30 45.5 ad 1621 Sphagnum steps
8 12744 2 23.58 46 270 70 46.5 ad 1601 S. imbricatum+S. papillosum
branches+stems
9 16601 2 25.48 46.1 345 30 47.5 ad 1582 S. imbricatum branches
10 16602 2 24.96 46.4 335 30 48.5 ad 1563 S. imbricatum branches
11 16626 2 26.85 45.2 325 35 49.5 ad 1543 Sphagnum stems+branches
12 16635 2 26.01 45.8 410 40 52.5 ad 1485 Sphagnum stems
13 16636 2 23.96 46.5 430 40 55.5 ad 1464 S. imbricatum branches
14 16637 2 23.9 45.4 485 40 57.5 ad 1446 S. imbricatum
15 16472 2 23.85 27.2 520 50 59.5 ad 1428 branches+stems
16 16639 2 24.04 45 535 40 60.5 ad 1419 S. imbricatum
branches+stems
S. imbricatum branches
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Table 2 Continued
Date GrA-number d
1 3C (‰) Carbon
1 4C age (BP) Laboratory Mid-point Wiggle-match Sample composition
(no.) content (%) standard sample depth date (S. = Sphagnum)
deviation (BP) (cm)
17 17514 2 23.67 46.2 575 40 61.5 ad 1410 S. imbricatum branches
18 17510 2 23.14 46.3 650 40 63.5 ad 1392 S. imbricatum branches
19 16640 2 20.51 46.4 730 40 65.5 ad 1374 S. imbricatum branches
20 16641 2 26.22 45.8 280 40 69.5 ad 1338 Sphagnum stems+capsules
21 16634 2 26.75 46.2 775 40 71.5 ad 1247 Sphagnum stems
22 12772 2 26.07 47.1 770 70 73.5 ad 1231 Sphagnum stems
23 16644 2 25.57 46.5 925 40 75.5 ad 1215 S. imbricatum branches
24 16645 2 25.87 46.7 940 40 76.5 ad 1207 S. imbricatum branches
25 16646 2 25.75 46.2 905 40 77.5 ad 1199 S. imbricatum branches
26 16473 2 26.44 43.6 910 50 78.5 ad 1191 S. imbricatum branches
27 16647 2 25.92 46.8 965 40 84.5 ad 1144 S. imbricatum branches
28 17515 2 17.81 44.5 980 40 89.5 ad 1104 S. imbricatum branches
29 17509 2 25.51 52 925 40 94.5 ad 1065 S. imbricatum branches
30 16649 2 25.75 47.4 1020 40 99.5 ad 1025 S. imbricatum branches
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